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Abstract Radiative fog formation is a complex phenomenon involving local physical and
microphysical processes that take place when particular meteorological conditions occur.
This study aims at quantifying the ability of a regional numerical weather model to analyze
and forecast the conditions favourable to radiative fog formation at an instrumental site
in the Paris area. Data from the ParisFog campaign have been used in order to quantify the
meteorological conditions favorable to radiative fog formation (pre-fog conditions) by setting
threshold values on the key meteorological variables driving this process: 2-m temperature
tendency, 10-m wind speed, 2-m relative humidity and net infrared flux. Data from the
ParisFog observation periods of November 2011 indicate that use of these thresholds leads
to the detection of 87 % of cases in which radiative fog formation was observed. In order to
evaluate the ability of a regional weather model to reproduce adequately these conditions, the
same thresholds are applied to meteorological model fields in both analysis and forecast mode.
It is shown that, with this simple methodology, the model detects 74 % of the meteorological
conditions finally leading to observed radiative fog, and 48 % 2 days in advance. Finally,
sensitivity tests are conducted in order to evaluate the impact of using larger time or space
windows on the forecasting skills.
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1 Introduction

The research on fog, with comprehensive numerical model development and dedicated field
campaigns, has been active since the 1970s (Gultepe et al. 2007). Several boundary-layer
models have been developed and used specifically for fog modelling, (Musson-Genon 1987;
Bott et al. 1990; Bott 1991; Bergot and Guedalia 1994; Duynkerke 1998) among others.
These models are one-dimensional with complete turbulence and microphysics schemes and
with a fine vertical resolution of a few metres. Fog is a threshold problem as highlighted by
Tardif and Rasmussen (2007) with their study in the New York area. This strongly limits the
capability of models to accurately diagnose fog events and numerous studies were dedicated to
improving the modelling of fog analysis as well as short-term forecasts. Recently, for analysis,
Bartok et al. (2012) used the WRF model, coupled with the PAFOG model (presented in Bott
and Trautmann 2002), over the Arabian Peninsula, and showed that the probability of fog
detection may reach 0.8 even if false alarms are of the same order of magnitude.

For fog forecasts, the estimation of probability to have fog under specific meteorological
and aerosol conditions was studied by Guidard and Tzanos (2007), among others, showing
that it is possible to diagnose fog using satellite and near-surface instruments. Results showed
a good potential of detection (0.73) even if the false-alarm ratio remains high. Roquelaure
and Bergot (2008) studied the feasability to forecast fog using a dedicated dynamical model
(COBEL-ISBA) and an ensemble system, showing the system is very sensitive to local ini-
tial conditions and mesoscale forcings. A similar approach using the Weather and Research
Forecast (WRF) model and an ensemble approach was presented in Zhou and Du (2010) and
results showed that fog may be forecast over eastern China using combinations of meteoro-
logical parameters such as the 2-m relative humidity and the 10-m wind speed. In their study
the best hit rate scores were between 0 and 0.4, with many false alarms (between 0.2 and
0.8).

The main goal of this paper is to estimate whether it is realistic to diagnose and forecast
meteorological conditions favourable to radiative fog formation during wintertime at the
SIRTA observatory, located in a suburban area in the vicinity of Paris. The goal is not to
forecast the fog itself, but to quantify the ability of a regional meteorological model to
provide the meteorological conditions necessary for radiative fog formation, both in analysis
and forecast (2 days in advance). To quantify this predictability, only the mean meteorological
parameters are used and a multi-parameter approach is proposed.

The complete methodology is presented in Fig. 1 and represents the outline: first, the
main processes for fog formation and the ParisFog campaigns are presented in Sect. 2. Using
several months of observational data, threshold values are defined for different meteorological
parameters. The modelling set-up, mainly composed of the WRF model, is presented in
Sect. 3 and a comparison of model results versus observations is presented, for the period
of November 2011, in Sect. 4. The fog-formation forecast is presented in Sect. 5 and the
predictability of this forecast, depending on the forecast lead (range), is presented in Sect. 6.
Conclusions are given in Sect. 7.

2 Fog Dataset and Classification

2.1 ParisFog Field Experiment

The objective of the ParisFog field experiment is to improve our understanding of
dynamic, thermodynamic, radiative, and microphysical processes that drive fog life cycles,
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Fig. 1 Methodology used in this study to estimate the probability to have meteorological conditions favourable
to radiative fog formation. First, the SIRTA observations data are used over several months to estimate threshold
values of meteorological parameters when radiative fog is really observed. These threshold parameters are thus
used to estimate if they are relevant specifically for the period of November 2011. The same evaluation is done
against the mesoscale meteorological WRF model outputs. The probabilities are estimated for observations
and modelled meteorological fields both in analyzed and forecast mode

(Haeffelin et al. 2010). The field experiment performed at the SIRTA observatory (Haeffelin
et al. 2005), gathered instruments to monitor wind profiles, turbulence, aerosol and droplet
microphysical, chemical and optical properties, as well as temperature, humidity, and irradi-
ances in the surface layer. The two main campaigns were held during winters of 2010–2011
and 2011–2012.

Here we briefly describe the instruments used for this study. One Degreanne DF20+
diffusometer was operated near the ground (3 m above ground level, hereafter denoted a.g.l).
The instrument provided horizontal visibility range and particle extinction at 550 nm, with
a 10–25 % uncertainty. A second Degreanne DF20 diffusometer was operated at 18 m a.g.l
providing information on the vertical heterogeneity of visibility during the fog life cycle. The
vertical profiles of thermodynamic variables were documented using a combined analysis
of in-situ sensors. The temperature and humidity non-aspirated sensors located between
1 and 30 m height on an instrumented mast provided continuous measurements (1-min
temporal resolution). Wind speed was provided from a standard 10 m a.g.l cup anemometer.
Shortwave and longwave downwelling irradiances used to in this study were derived from the
radiative flux station (Haeffelin et al. 2005) of the Baseline Surface Radiation Network
(Ohmura et al. 1998).

2.2 Fog Types

The occurrence, development and dissipation of fog result from multiple processes (thermo-
dynamical, radiative, dynamical, and microphysical) that occur simultaneously, through a
wide range of conditions, and that feed back on each other inducing non-linear behaviours.
A possible classification of fog is to distinguish fogs associated with a radiative cooling
under clear sky conditions and those formed as a result of a cloud base lowering to the sur-
face (Gultepe et al. 2007). The main mechanisms driving the radiative fog formation is the
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infrared radiative cooling, modulated by the influence of upward and downward heat flux
(soil, sensible and latent) but also by the turbulent mixing during the stable conditions in the
boundary layer as well as warming effect and moisture losses through the dew deposition
(Duynkerke 1998). Alternatively, the fog induced by stratus lowering is due to the coupling
of the cloud layer with the sub-cloud layer due to the top-down turbulent mixing generated
by the destabilization induced by the radiative cooling at cloud top. The radiatively cooled
air is transported downward by the turbulent eddies, cooling the sub-cloud layer by the evap-
oration of settling cloud droplets or drizzle drops and thus leading to a lowering of cloud base
(Dupont et al. 2012). An automatic classification of fog events has been carried out with the
Tardif and Rasmussen (2007) methodology and applied on the entire dataset between 2010
and 2012. According to this approach, fog events are defined if the visibility is lower than
1 km during 30 min over a 50-min period. At SIRTA observatory, 50 % of fogs are classified
as radiative fog and 50 % as stratus lowering fog events.

2.3 Observation Periods of Radiative Fog

In this study, we focus on radiative fog events considering main meteorological and radiative
variables driving the radiative fog formation. The radiative cooling is essential to provide
favourable conditions, so we will analyze downwelling solar and infrared fluxes at the surface.
The temperature inversion tends to increase the relative humidity near the ground and the
vertical development of a saturated air parcel is modulated by the turbulent mixing occurring
near the surface.

During the month of November 2011, radiative fog was observed during nine different
periods, hereafter called Fog Observation Periods (FOP). They are listed in Table 1. Visibility
measurements at 4 m and 19 m a.g.l are shown in Fig. 2. When both the 4-m and 19-m visibility
fall below 1 km, we consider radiative fog to be deep (FOP 1, 2, 3, 8, 9). When only the 4-m
visibility fall below 500 m while the 19-m visibility remains above 1 km, the radiative fog
is shallow and patchy (FOP 4, 5, 6 and 7). The average duration of a radiative fog event is
around 8 h with a maximum duration of 21 h on 15 November 2011.

Table 1 The radiative fog observation periods (FOP) during the month of November 2011 are expressed as
the day, the hour in local time and the corresponding decimal Julian day

FOP Start End Type

Day Hour Julian Day Hour Julian

1 1 2200 305.92 2 0600 306.25 Deep

2 15 0300 319.12 15 0600 319.25 Deep

3 16 0100 320.04 16 2200 320.92 Deep

4 18 0100 322.04 18 0200 322.08 Deep

5 19 2200 323.92 20 0600 324.25 Shallow

6 21 0100 325.04 21 0100 325.04 Shallow

7 22 0000 326.00 22 0700 326.29 Shallow

8 22 2000 326.83 23 0800 327.33 Shallow

9 28 0100 332.04 28 0900 332.38 Deep

The Julian days are indicated to easily make the correspondence with the plots presented in the following
results. The fog type is defined as deep or shallow
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Fig. 2 Visibility (m) recorded at the SIRTA observatory, with instruments on mast at 4 m and 19 m a.g.l

The pre-fog period is defined as the 6 h before fog formation. The month of November
2011 is non typical for the occurrence of fog, with a total of 114 h of all fog types, which
corresponds to 60 % of fog events for the 6-month period. Other periods of low visibility
due to stratus lowering can also be observed in Fig. 2, around days 313–316, 328–331 and
333. As these are not due to radiative fog occurrence, the processes leading to low visibility
in these cases will not be discussed further in this study.

The fog occurence in the whole Paris area is analyzed to quantify the regional extension
of observed radiative fog. Results are presented in Fig. 3 and show radiative fog is rarely
observed only at SIRTA. For six meteorological stations (Orly, Roissy, Paris-Montsouris,
Melun, Trappes and SIRTA), displayed in Fig. 5, a counter gives the number of stations
where fog was observed. When the fog is observed at SIRTA but only at 3 m a.g.l, a square
symbol is added in the figure and corresponds to shallow fog. When fog is observed at SIRTA
both at 3 m and 18 m a.g.l, a circle symbol is added in the figure and corresponds to deep
fog. Fog duration may be different, and therefore time of start and end may vary from a
station to another, but when fog is observed at SIRTA, it is also witnessed for at least 15 min
in the other five stations around Paris. Fog is rarely observed in the centre of Paris, except
during developed fog during FOP1. Moreover, less homogeneity is observed during FOP5
and FOP8 compared to FOP1.

2.4 Thresholds for the Meteorological Parameters

Threshold values defining conditions of fog formation can be determined for each con-
sidered meteorological parameter. The calculation of threshold values is done over the
2010–2011 and 2011–2012 winter seasons. Data are hourly averaged and the fog periods
are flagged using the visibilimeter measurements. In our case, we are only considering the
pre-fog periods, defined as the 6 h immediately prior the onset of radiative fog. The whole
period corresponds to 8674 h of data. When selecting only the pre-fog periods, one obtains
31 different periods. For the complete period and the 31 pre-fog periods, distributions of the
key meteorological parameters are calculated and presented in Fig. 4. For our specific study
on November 2011, this quantity reduces to nine pre-fog periods, listed in Table 1.

The fog formation is characterized by a gradual decrease of the near-surface temperature.
We estimate this temporal evolution by calculating, for one time, the temperature difference
between this time and 3 h before as: �T2m = T t=0

2m − T t=−3
2m . In Fig. 4, the distribution

of �T2m for all data shows a normal distribution with a maximum around �T2m = 0. For
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Fig. 4 Distribution of meteorological values recorded at SIRTA observatory, for the winters of 2010, 2011
and 2012 and only the periods when fog was observed

the pre-fog periods, the distribution is dominated by negative values, mainly between −3.0
and −0.5 ◦C. During pre-fog periods, for the other parameters the meteorological values are
distributed within small intervals, suggesting that these meteorological variables can be used
as proxies of fog-formation probability. Finally, we have retained the following thresholds:

– The time evolution of the 2-m temperature, �T2m, must be <−0.5 ◦C, during the last
3 h.

– The 10-m mean wind speed, U10m must be between 0 and 3 m s−1, representing a
moderate turbulence
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Fig. 5 WRF model domain. Paris is at the centre of the domain and the SIRTA, located 25 km south-west of
Paris, is at the centre of the smallest square. The largest squares are used for forecast statistical scores at the
end of this study

– The net infrared flux, Fir , must be <−10 W m−2.
– The 2-m relative humidity, H2m, must be >0.9 (90 %).

In addition, we consider that radiative fog may only appear during the night and we
thus consider that the solar downward flux, Fsol, must be zero. A detailed discussion of
near-surface temperature, mixing and radiative cooling conditions favourable to radiative
fog formation can be found in Haeffelin et al. (2013).

3 Meteorological Modelling

3.1 The Mesoscale WRF Model

The regional model used in this study is the Weather Research and Forecasting (WRF) model
in its version 3.2.1. The model is used in its non-hydrostatic configuration. The coarse and
fine horizontal domains include 49 × 52 and 46 × 49 grid points, respectively with 15-km
and 5-km resolutions. WRF being a regional model, it is forced by the NCEP global model
fields, provided at 1.125◦ × 1.125◦ horizontal resolution (Dudhia 1993). The WRF vertical
domain covers 28 levels from the surface to 50 hPa and the integration timestep is 40 s for the
fine domain. For the microphysics, the WRF Single Moment-5 class scheme is used allowing
for mixed phase processes and super cooled water (Hong et al. 2004). The radiation scheme is
RRTMG scheme with the MCICA method of random cloud overlap (Mlawer et al. 1997). The
surface-layer scheme is based on Monin–Obukhov theory with a Carslon–Boland viscous
sub-layer. The surface physics is calculated using the Noah land surface model scheme with
four soil temperature and moisture layers (Chen and Dudhia 2001). The planetary boundary-
layer physics is processed using the Yonsei University scheme (Hong et al. 2006) and the
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cumulus parametrization uses the Kain–Fritsch scheme for deep and shallow convection
using a mass flux approach with downdrafts and CAPE removal time scale (Kain 2004).

In this study, only the finest domain is analyzed, encompassing the whole area around the
SIRTA observatory. A map of the domain is displayed in Fig. 5. Two types of simulations are
done: (i) the analysis simulations use the analyzed NCEP meteorological fields as forcing, i.e.
the fields available after an event and including global data assimilation of observations. (ii)
the forecast simulations use the forecasted NCEP fields. The whole procedure is explained
in Menut and Bessagnet (2010).

3.2 Meteorological Parameters Used for Forecast

For the whole simulated period, November 2011, the modelled meteorological parameters
used in this study are: the 2-m temperature, T2m (◦C), the 2-m relative humidity, H2m (%),
the 10-m mean wind speed, the solar downward flux, Fsol (W m−2) and the net infrared flux,
Fir (W m−2). The relative humidity and net infrared fluxes are not standard output quantities
of the WRF model and have to be diagnosed.

The relative humidity is defined as the water vapour mixing ratio r2m (kg kg−1) divided
by the saturared vapour mixing ratio r2m,s (kg kg−1); r2m,s is calculated as

r2m,s = 0.622 es

P − es
(1)

where P is the surface pressure (Pa), es (Pa) is the saturated vapour pressure defined as

es = 611 exp

(
17.27

(T2m − 273.15)

T2m − 35.86

)
(2)

where T2m is the 2-m temperature (K). Note that in these equations, the temperature is
converted into ◦C and the pressure in Pa.

The net infrared flux, Fir , is estimated with the downward longwave flux, Fir,d and the
infrared surface flux emitted by the surface, Fir,u, at the surface as

Fir = Fir,d − εσ T 4
s (3)

where ε is the surface emissivity, with ε = 0.985 after recommendations of Wilber
et al. (1999) for continental surfaces. σ is the Stefan–Boltzmann constant (σ = 5.67 ×
108 W m−2 K−4) and Ts the surface skin temperature.

4 Model Versus Observations Comparisons at SIRTA

Before analysis of the fog predictability, a first comparison is done between observed and
modelled meteorological parameters to estimate the model accuracy. For this comparison,
we only retain the model values corresponding to the SIRTA location.

4.1 Times Series of Observations and Model

The temperature, humidity, wind speed and net infrared fluxes times series are displayed in
Fig. 6. The solar flux is not shown being mostly the expression of daytime/nightime periods.
Thus, this parameter will be used only to detect nighttime periods and an accurate comparison
between observed and modelled values is not useful in this study.
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Fig. 6 Time series of observed and modelled meteorological parameters and the nine studied FOPs. The
radiative fog periods are shaded in brown

During the whole period, the 2-m temperature ranges between zero and 18 ◦C. The model
is able to reproduce the observed general variability with a warm period of 1 week (from 304
to 310, in Julian days of 2011) and a cold period around mid-November (from day 318 to
322). Day by day, the mean daily T2m evolution is well modelled. But the extreme values are
not well reproduced and the model gives extrema systematically lower than the observations.
This is a direct effect of the model representativity: the WRF model has a horizontal resolution
of �x = �y = 5 km for this study while the spatial representativeness of measurements is
on the order of 1 km. Measurements of temperature, relative humidity, and wind speed at
SIRTA have been compared to measurements performed at Météo-France stations located in
Trappes (15 km west) and Orly (5 km north-east). Temperatures at SIRTA are 0.5 and 1 ◦C
lower than at Trappes and Orly, respectively. Relative humidity is 2.5 % higher at SIRTA.
Average wind speed at SIRTA is unbiased compared to Trappes, and 1 m s−1 less than in
Orly. Spatial representativeness of SIRTA measurements is further discussed in Cheruy et al.
(2013). The model, by definition, simulates coarser meteorological fields.

The relative humidity is very different between model and observations: while the main
dry periods are correctly modelled, high values are not reproduced by the model. For several
pre-fog and fog periods, the relative humidity is rather low, with values between 0.5 and 0.8,
while the observations are higher than 0.95. This will have a direct impact on the predictability
as presented in the next sections.

The 10-m wind speed shows the model is well correlated to the observations, but with a
strong bias. During the first 10 days of November 2011, the modelled wind speed reached
6–7 m s−1 while the observations never exceeded 3 m s−1. The bias is more moderate
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during the identified fog periods. Here also, this is a direct consequence of the difference in
representativeness between model output and observations

The net infrared flux is relatively well reproduced by the model except for days 314–316,
which are characterized by strong radiative cooling in the model but not in the observations.
This can be explained by the fact that these days have intense fog due to stratus lowering
(Fig. 2), which has not been represented by the meteorological model, therefore leading
to erroneous radiative fluxes in the model compared to observations. Except for days such
as days 319–320 (where an excessive infrared cooling in conditions of already established
radiative fog), the model provides a good representation of radiative cooling at the surface.

4.2 Statistical Scores

For the period of November 2011, we calculate statistical scores such as the mean value, the
correlation, the bias and the root-mean-square error.

The Ot and Mt represent the observed and modelled values, respectively, at time t . The
mean averaged value X N is

X N = 1

N

N∑
i=1

Xt (4)

with N the total number of hours in the month of November 2011. The correlation C is
calculated as:

C =
1

N

∑N

i=1

(
Mt − Mt

) × (
Ot − Ot

)
√

1

N

∑N

i=1

(
Mt − Mt

)2 × 1

N

∑N

i=1

(
Ot − Ot

)2
, (5)

the bias is calculated as

bias = 1

N

N∑
i=1

(
Mt − Ot

)
, (6)

and the root-mean-square error (RMSE) as

RM SE =
√√√√ 1

N

N∑
i=1

(
Mt − Ot

)2
. (7)

The comparison between model and observations is summarized in Table 2. For T2m,
the correlation is good (0.86) and the bias is low (−0.58 ◦C). This is not the case for all
other parameters for which differences between model and observations may be large. For
U10m and Fir , the model clearly overestimates the observed values, with a positive bias of
1.91 m s−1 and 9.11 W m−2, respectively.

For the wind speed, this is a direct effect of different representativities between a model
cell and a local value. This difference of representativity corresponds to several subgrid-
scale parameters and their variability. As recently studied in Zaidi et al. (2012), the SIRTA
site is surrounded by agricultural lands, forest and urbanized areas: depending on the wind
direction, the measured wind speed may be attenuated by these large rough elements or not.
In the WRF model, as in every mesoscale models, the roughness length (used to diagnose
the 10-m wind speed) is a unique value for a grid cell and has no seasonal variability. The
value used in the model is thus certainly too low compared to the values representative of
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Table 2 Mean monthly statistical values for the meteorological parameters used to diagnose the fog formation
probability

Parameter M O Cor RMSE Bias

T2m (◦C) 7.86 8.44 0.86 1.89 −0.58

H2m (0:1) 0.91 0.94 0.48 0.10 −0.03

U10m (m s−1) 3.77 1.85 0.67 2.36 1.91

Fir (W m−2) −33.66 −42.77 0.53 32.79 9.11

Fsol (W m−2) 39.88 57.51 0.71 120.20 −17.63

Parameters are: the 2-m temperature, T2m (◦C), the 2-m relative humidity, H2m (%), the 10-m wind speed,
U10m (m s−1), the net infrared flux, Fir (W m−2) and the downward solar flux Fsol (W m−2)

the SIRTA measurements platform. For Fir , this is more linked to the surface scheme used
in the model. Concerning the relative humidity, the model gives mean values close to the
observations but the correlation is low (0.48).

5 Probability of Radiative Fog Formation

5.1 Definition of the Forecast Score

In order to use the above defined thresholds for the diagnosis of pre-fog conditions, a pre-
diction score α between zero and one will be calculated as a function of the value of each of
the four variables used for prediction relative to their respective threshold. For each variable
v, a score αv is calculated according to the variable measured value relative to its threshold
vT in the case when the desirable condition for fog formation is v ≤ vT , which is the case
for �T2m, Fir , and U10m:

⎧⎨
⎩

αv = 1 if v ≤ vT

αv = 1√
2πσv

exp

[
− (v − v)2

2σv

]
. if v > vT

(8)

The multiplication by a Gaussian in Eq. 8 plays the role of a taper function in order to
avoid artificial threshold effects when three variables comply with their respective threshold
and the last variable closely misses its threshold. σv is the standard deviation of the taper
function used for each variable is defined to represent the representativity and uncertainty
of the measured value. For H2m, as the threshold is a minimum value and not a maximum
value, a similar calculation is performed but reversing the direction of the inequalities in
Eq. 8. The σ values are deduced from all values estimated using the observations during the
winters analyzed for the tresholds definition. In this study, the following σ values are used:
σ(Fir) = 10 W m−2, σ (�T2m) = 1◦C, σ (U10m) = 1 m s−1 and σ(H2m) = 0.05.

The final prediction score is defined as the multiplication of the scores obtained for each
of the individual variables as follows

α = α�T2m × αH2m × αU10m × αFir . (9)
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Fig. 7 Forecast score of radiative fog formation using the thresholds defined for the observations. The maxi-
mum value is α = 1 and a reasonable prediction score is defined as α = 0.9

5.2 Comparison of Modelled and Observed Probabilities

As the threshold values were determined using the SIRTA observations, and since it was
previously shown that the regional model does not have the same variability and absolute
values as observations for the main meteorological parameters used, the model values need
to be unbiased by directly using the bias values presented in Table 2. This ad-hoc correction
is not physically-based, but is rather a simple way to obtain model estimates that are more
representative of the local observations at the SIRTA.

Figure 7 displays a time series of the prediction scores for the whole month of November
2011 and for the observations and the model in analysis mode. Data are hourly presented
and values indicate the α values. It is first noticeable that α values up to 0.9, thus indicat-
ing a good probability of fog appearance, are numerous, even during no-fog periods. The
pre-fog periods are considered to have a time length of 6 h before the onset of radiative fog.
For the nine pre-fog periods, the observations have a probability score consistently being
α > 0.98. This is not the case for the model in analysis mode, when some periods have a
forecast score of α < 0.5, leading to an event not correctly modelled. For observations and
model, the values of α are between 0.9 and 1. In the following, we thus consider that fog
formation is well diagnosed if α > 0.9: therefore, a 0.9 threshold is used to transform the fore-
cast score α into a deterministic prediction. According to Eq. 8, this is equivalent to allowing
a maximum departure of 0.32 σv from the threshold value for one of the four variables.

Using the criterion of α > 0.9, it is noticeable that the FOPs are diagnosed as favourable
for radiative fog formation, except the FOP 2 and 3 (from 14 to 15 November). For these two
FOPs, the observations are close to a good fog diagnosis score, but the model completely
misses these two events. The explanation is displayed in Fig. 6 with the 2-m relative humidity:
the modelled H2m is <0.8 when the required minimum for the diagnosis is 0.9.

6 Predictability of Fog Occurrence

In the framework of the French COSY project (http://www.lmd.polytechnique.fr/cosy), the
meteorology is forecast every day over the Paris area using the WRF model. For each forecast,
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the same configuration is used as the one described for analysis. Each day, the simulation
is performed from the day before to 3 days in advance. For example, for 17 November, the
simulation is performed from 16 November at 0000 UTC to 19 November at 2400 UTC.
As presented in Menut and Bessagnet (2010), we are thus able, for each day and each
hour, to have four meteorological values, defined as (D−1), (D+0), (D+1) and (D+2). The
differences between these values, for a same time, represent the model uncertainty due to
lack of predictability. In this case, the predictability includes the global forcing error, the
regional model error (due to the physics and parameterizations used) and its representativity
compared to the observations. In this case, we consider (D−1) as the best possible simulation,
the regional model WRF being forced by the NCEP analyzed global fields.

6.1 Meteorological Parameters Variability

In order to illustrate the following forecast results, time series of modelled meteorological
parameters for several forecast leads and analysis are presented in Fig. 8 and superimposed
to the SIRTA observations. The presented period ranged from 14 November (day 318) to
24 November (day 328), and corresponds to the main radiative fog events of November
2011. Figure 8 presents the several forecasted fields for the 2-m temperature, 2-m relative
humidity and 10-m wind speed, superimposed on the SIRTA observations. The variability
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of key meteorological parameters is clearly illustrated, as well as the main feature of model
errors.

For the 2-m temperature, T2m, the model remains close from lead to lead (days 318, 319,
for example). For other periods, such as days 320 (16 November) and 322 (18 November),
the model is far from the observations and very variable between leads. For this latter day, the
model is not able to reproduce the sudden increase seen in the observations. In the specific case
of this study, this has no impact on the fog forecast, more often related to sudden decreases
of temperature.

For the wind speed, the model systematically overestimates the observed values. The
comparison of model leads shows a large variability. For fog forecast, the selected threshold
(a maximum of U10m = 3 m s−1) is not always respected with the model while the observed
values are mainly under this threshold. The modelled wind speed is thus a weak point for
fog forecast with this regional meteorological model version.

For the 2-m relative humidity, the differences between the observed and model values may
be large during pre-fog and fog periods. The low H2m values modelled on FOP 1 and 2 (days
319 and 320) are the explanations of the forecast scores being lower for the model than for
the observations. In addition, the low H2m values during days 323 and 326, both with model
and observations, explain that the modelled forecast scores are not 1.

6.2 Definition of Forecast Scores

The performance of the forecast models developed in this study will be evaluated using the
following classical forecast score parameters, presented for example in Stephenson (2000)
and are summarized in Table 3.

Using these scores, we use the following performance indicators:

– The hit rate H: H = a/(a + c), represents the proportion of forecasted events within
the whole set of observed events.

– The false-alarm rate F: F = b/(b + d), represents the proportion of forecasted (but
non-observed) events within the whole set of non-observed events.

– The forecast bias B: B = (a + b)/(a + c), represents the number of forecasted events
compared to the observed events:

– H ′ = a/(a +b) is the probability of pre-fog occurrence knowing that pre-fog is forecast.
– F ′ = c/(c + d) is the probability of pre-fog occurrence knowing that pre-fog is not

forecast.
– The equitative threat score ETS: this criterion is defined as

ET S = a − ar

a + b + c − ar
, (10)

where

ar = (a + b) (a + c)

a + b + c + d
(11)

Table 3 Definition of the
forecast scores parameters used
to evaluate the fog formation
forecast

Events Observed

Forecast Yes No

Yes a (hit) b (false alarm)

No c (miss) d (correct rejection)
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is the number of correct detections expected by chance. The ETS is a positively oriented
score, where ETS= corresponds to a perfect model and any strictly positive value indicates
that the model has more skill than a random forecast, while negative or null values indicate
unskilled models (Zhou and Du 2010).

– The normalized log odds Z: this is

Z = log10

(
ad

bc

) (
1

a
+ 1

b
+ 1

c
+ 1

d

)− 1
2

(12)

where Z follows a normal distribution if a, b, c, d values >5. In this case, Z = 0 denotes
an unskilled model, Z = 1.645 indicates a 95 % probability that the forecast model has
a greater skill than a random model (Gardner 1988; Stephenson 2000).

6.3 Sensitivity of Forecast Scores to Model Resolution

There are several ways to use these indicators. The meteorological model has a relative
uncertainty, in part due to its spatial and temporal resolution. For forecasts, it is necessary
to know if radiative fog may occur at a certain time and place. But it is also important to
account for model uncertainties and thus to relax the constraints. In this section, two ways
are explored. First, it is considered that fog is diagnosed from model output taken over time
intervals 1 h to several hours. Second, the model may present errors due to erroneous transport
and thus erroneously located meteorological systems. In this case, it is possible to use only one
model cell corresponding to the studied location, or to average meteorological data around
this site to consider more ‘regional’ meteorological parameters. The related spatial filtering
of model errors provides a basis of estimating the relative impact of changes in local versus
large-scale meteorological conditions.

6.3.1 Sensitivity to the Temporal Resolution

The first step is to estimate these indicators at the same time frequency as the available
observations and model fields, in our case 1 h. But we can also consider that the forecast
may be more relaxed in time and estimate whether fog is forecast in windows of several
consecutive hours. For a window of nw h, we thus retain the maximum value of α obtained
during this period. This nw-h period is retained as an observed fog period if at least 1 h within
the ‘step’ hours is defined as ‘pre-fog’. This information could be sufficient in forecast mode,
since we only want to know if a fog event may occur during the following nights, but without
the knowledge of the exact hour. The calculation of a, b, c, d is done for several values of
the nw parameter. All values of the nw parameter between 1 and 6 have been tested.

The results obtained with nw = 1, 2, 3 and 6 are presented in Table 4. Plots of the
dependency of H, F, ETS and Z to nw are shown in Fig. 9.

For the observations and with nw = 1, the hit rate H is 87 %, reflecting the part of
the pre-fog days that do not comply with the pre-fog thresholds defined for this study on
RH2m, �T2m, U10m and Fir (see Fig. 6). If one extends the length of the time windows
considered, from 1 to 6 h, H does not have any significant dependency (from 87 to 94 %),
while the false-alarm rate undergoes a very strong increase (from 39 to 70 %).

For the model, the best forecast score is logically for the (D−1) lead, corresponding to
the WRF-ARW model forced by the NCEP (D−1) analysis instead of NCEP forecasts. As
observed for observational scores, the model forecast score shows no robust change when
the ‘step’ parameter is increased (74 % with the 1-h timestep against 83 % with the 6-h
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Table 4 Statistical scores (in %) for the ability to observations and model in analysis mode to diagnose fog
formation periods

H F B H ′ F ′ ETS Z
(%) (%) (%) (%) (%)

nw = 1

Obs. 87. 39. 4.96 17. 1. 0.09 6.11

(D−1) 74. 37. 4.63 16. 3. 0.07 5.31

(D+0) 58. 37. 4.82 12. 5. 0.04 3.14

(D+1) 55. 38. 4.83 11. 6. 0.03 2.36

(D+2) 48. 35. 4.26 11. 7. 0.02 1.82

nw = 2

Obs. 94. 45. 5.05 18. 1. 0.09 4.08

(D−1) 77. 44. 4.8 16. 4. 0.06 3.51

(D+0) 65. 42. 4.84 13. 5. 0.04 2.44

(D+1) 65. 46. 5.03 13. 6. 0.03 2.06

(D+2) 50. 42. 4.37 11. 8. 0.01 0.81

nw = 3

Obs. 92. 50. 4.88 18. 1. 0.08 3.36

(D−1) 77. 50. 4.77 16. 5. 0.05 2.53

(D+0) 66. 46. 4.66 14. 6. 0.04 1.86

(D+1) 66. 49. 4.79 13. 7. 0.03 1.56

(D+2) 54. 44. 4.08 13. 9. 0.02 0.91

nw = 6

Obs. 94. 70. 4.94 19. 3. 0.04 1.86

(D−1) 83. 68. 4.72 17. 8. 0.02 1.23

(D+0) 68. 61. 4.5 15. 11. 0.01 0.59

(D+1) 75. 68. 4.87 15. 11. 0.01 0.5

(D+2) 68. 61. 4.25 16. 12. 0.01 0.51

time window). This increase seems hardly significant, and as for observations, the ‘false
alarms’ also increase steadily with the ‘window’ parameter: from 37 to 68 %, therefore
greatly limiting the use of increasing the prediction ‘window’ value beyond 1 h. Therefore,
in the following, we will only analyze the results for the 1-h time window, which seems to
be the best combination.

Regarding the performance of the fog prediction by observation and the model, it is
interesting to compare H ′ and F ′ for the diagnosis of pre-fog conditions. Using the measured
values, the H ′ indicator is 17 %, shows that when pre-fog is diagnosed from the measured
values, it actually occurs in 17 % of the cases, while when pre-fog is not diagnosed it only
occurs in 1 % of the cases (F ′ = 1 %). Therefore, using the threshold defined above and
applying them to the measured values, is a possible way of diagnosing the occurrence of fog
in the following 6 h even if the results are far from perfect. The ETS for this configuration
(fog prediction based on observations) is only 0.09, which is essentially due to the significant
false-alarm rate. The Z value indicates that there is no doubt that the fog prediction based on
the threshold values as set in this study largely overperforms any random model. Regarding
the model-only prediction, it has significant skill for any time lead (from (D−1) to (D+2)),
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Fig. 9 Fog forecast scores for several time windows of diagnosis (in hours) and for H the ‘hit rates’, F the
‘false alarms rate’, ETS and Z scores. Values are calculated for the SIRTA observations and the WRF model
in forecast mode and for several leads

with the ETS and Z values decreasing with the time lead, indicating a gradual loss in model
skill when the prediction lead time increases. However, for all time leads from (D−1) to
(D+2), we have H ′ > F ′ and Z > 1.645, showing significantly better performance than a
random model.

Comparison of the model performance at the (D−1) time lead (analysis) to the perfor-
mance of the observation-based diagnosis shows that the prediction skill is significantly lower
when using the model, even at the (D−1) time lead, instead of observations. This is essen-
tially explained by the fact that a significant part of events is missed by the analysis related
to modelling errors of key meteorological parameters, for example the underestimation of
humidity during FOP 2.

6.3.2 Sensitivity to the Spatial Resolution

The same kind of sensitivity study is done here, but using results averaged over various model
grid cells in place of temporal averaging as discussed in the previous section. The several
sub-domains for this spatial average are displayed in Fig. 5. Results are presented in Table 5.
The model cells are averaged following

M =
i+N∑
i−N

j+N∑
j−N

Mi, j , (13)

where M is the mean averaged value. For N = 0, there is no average and the value corresponds
to the grid cell where the SIRTA is located. For N = 1, the averaged value represents a surface
of 3 × 3 model cells, i.e. 15 × 15 km2, the model grid having an horizontal resolution of
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Table 5 Statistical scores (in %) for the ability to observations and model in analysis mode to diagnose
fog-formation periods

H F B H ′ F ′ ETS Z
(%) (%) (%) (%) (%)

Spatial average=0

Obs. 87. 39. 4.96 17. 1. 0.09 6.11

(D−1) 74. 37. 4.63 16. 3. 0.07 5.31

(D+0) 58. 37. 4.82 12. 5. 0.04 3.14

(D+1) 55. 38. 4.83 11. 6. 0.03 2.36

(D+2) 48. 35. 4.26 11. 7. 0.02 1.82

Spatial average=1

Obs. 87. 39. 4.96 17. 1. 0.09 6.11

(D−1) 74. 36. 4.55 16. 3. 0.07 5.42

(D+0) 58. 37. 4.83 12. 5. 0.04 3.12

(D+1) 58. 38. 4.82 12. 5. 0.03 2.92

(D+2) 50. 35. 4.23 11. 6. 0.03 2.15

Spatial average=2

Obs. 87. 39. 4.96 17. 1. 0.09 6.11

(D−1) 71. 35. 4.38 16. 4. 0.07 5.25

(D+0) 57. 36. 4.76 11. 5. 0.03 2.94

(D+1) 57. 37. 4.73 12. 5. 0.03 2.77

(D+2) 50. 33. 4.08 12. 6. 0.03 2.36

Spatial average=8

Obs. 87. 39. 4.96 17. 1. 0.09 6.11

(D−1) 66. 34. 4.22 15. 4. 0.07 4.83

(D+0) 60. 34. 4.58 13. 5. 0.05 3.71

(D+1) 51. 37. 4.6 11. 6. 0.02 2.12

(D+2) 42. 30. 3.66 11. 7. 0.02 1.87

Spatial average=30

Obs. 87. 39. 4.96 17. 1. 0.09 6.11

(D−1) 63. 36. 4.42 14. 5. 0.05 4.06

(D+0) 64. 37. 4.89 13. 4. 0.05 3.82

(D+1) 55. 40. 5. 11. 6. 0.02 2.14

(D+2) 37. 33. 3.92 9. 8. 0. 0.58

5 × 5 km2. For N = 30, the surface corresponds to a very large domain, representing the
northern part of France. The observations being for the SIRTA observatory only, values are
the same for each model configuration (Fig. 10).

The basic case is to compare the hourly observations and modelled values for the model
cells corresponding to the SIRTA observatory. Logically, the first part of Table 5 is the same
as in Table 4, with scores calculated over 1 h and one model cell. For an increased value of
the number of grid cell, there is no significant change in the results for (D−1): the hit rate
H ranges from 74 to 63 % and the false-alarm rate F from 37 to 36 %. This means that
enlarging the spatial modelled surface for fog forecast has no significant impact and, thus,
the fog forecast is more sensitive to the local scale than the large meteorological scale. This
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Fig. 10 Fog forecast scores for several spatial average of the meteorological data. Results are presented for
H the ‘hit rates’, F the ‘false-alarm rate’, ETS and Z scores. Values are calculated for the SIRTA observations
and the WRF model in forecast mode and for several leads

is well known, since fog is a ‘local’ process, but it is important to quantify whether the spatial
model variability may compensate the local model errors. In this study, this is not the case.

For leads ranging from (D−1) to (D+2), there is no significant decrease of the statistical
scores as previously observed when changing the time window. The hit rate decreases slowly
from 48 to 37 % for (D+2), showing that when the averaging window in space is increased,
the model scores have no drastic change. Since radiative fog is a local phenomenon, this
shows that regional meteorological models with horizontal resolution of a few km are more
sensitive to synoptic scale than local scale.

7 Conclusion

The formation of radiative fog is a very complex process, difficult to model and to forecast.
Many dedicated models exist and are used to understand fog formation, including the effects
of small-scale meteorology, turbulence and aerosols formation. These dedicated models rely
on accurate information on local weather conditions, generally provided by observation of
past events. Therefore, it is interesting to qualify the ability of a meteorological model to
reproduce the meteorological conditions favorable for fog formation, either for past events
in analysis mode or for future events in forecast mode.

For the ParisFog campaign, held in the Paris area at the SIRTA observatory, a diagnosis tool
was built using fields from the WRF meteorological model. This model has no dedicated fog
scheme and is used for experimental forecasts, to deliver mean meteorological parameters.

The key meteorological parameters that drive the processes leading to radiative fog forma-
tion are the 2-m air temperature, the 2-m relative humidity, the 10-m wind speed and the net
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infrared flux. The SIRTA meteorological data over the winters of 2010–2011 and 2011–2012
have been screened in order to obtain the distribution of these meteorological parameters
in situations that lead to the formation of radiative fog. These distributions have been used
in order to select thresholds for the four above mentioned meteorological variables. These
thresholds have been transformed into a deterministic criterion for diagnosing the meteo-
rological conditions favorable to radiative fog formation, imposing the criterion that all the
variables respect their respective threshold, with a tolerance for very small departures from
the exact threshold values, accounting for measurement uncertainty and representativity.

This deterministic criterion has been used as a very simplified fog-formation model, and
has been applied for the whole month of November 2011, when nine radiative fog events
were observed. It has been shown that this approach is able to provide a fog forecast that
has significant skill as long as 2 days before the fog event, with a hit rate of 87 % when
using real-world meteorological observations, 74 % with model analysis and 48 % for (D+2)
model forecast. Even when using the (D+2) meteorological forecast, the radiative fog-forecast
criterion keeps a moderate but significant skill. This shows that fields from a meteorological
model such as the WRF model are able to reproduce the local conditions favourable to fog
formation with a significant skill, particularly in analysis mode but, to a lesser extent, in
forecast mode up to 2 days in advance.

A sensitivity analysis was performed to estimate the robustness of the method. First,
probabilities of fog formation derived from observed and modeled data have been compared.
Even though the model hit rate increases with the time-averaged window, from 87 to 94 %
for the observations and from 48 to 68 % for the model and the (D+2) lead, this increase is
at the expense of a much stronger false-alarm rate, leading to reduced model skill. Second,
in order to evaluate the spatial variability of the meteorological conditions and the model
representativity compared to the SIRTA observatory data, a sensitivity study was performed
by spatially averaging the model parameters. In this case, surprisingly, the fog-forecast skill
of the model was not significantly modified, either in analysis or forecast mode, showing that
even though fog formation is a very local process, the ability of a regional weather model at
5-km resolution to reproduce meteorological conditions leading to radiative fog formation
is not significantly reduced by spatial averaging, even if this averaging is performed over
hundreds of km.
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